The ability of the small ribosomal subunit (16S) rRNA to infer fine-scale phylogenetic relationships is, in principal, impaired by the presence of multiple and variable gene copies within the same genome. This study investigated the extent of intra-genomic 16S rRNA gene heterogeneity in cyanobacteria. Using bioinformatics, all available sequenced cyanobacterial genomes were screened for microheterogeneity between their paralogous ribosomal genes. As a result, cyanobacteria were found to commonly contain multiple ribosomal operons and the numbers of copies were relatively proportional to genome size. Moreover, intra-genomic paralogous 16S rRNA gene copies often contain point-mutations that were validated by secondary structure modeling to be true point mutations rather than sequencing errors. Although microheterogeneity between paralogous 16S rRNA genes is relatively common in cyanobacterial genomes, the degree of sequence divergence is relatively low. We conclude that cyanobacterial intra-genomic 16S rRNA gene heterogeneity generally has a relatively small impact on species delineation and inference of evolutionary histories of cyanobacteria.
Introduction
In consistency with the unifying biological theory of evolution, a framework of phylogenetic relationships is necessary for establishing informative and reliable taxonomic systems (PlEijEl & rousE 2000) . In the transition from morphology to phylogeny based classification systems, it is crucial to carefully determine optimum evolutionary metrics as well as their capacities to infer evolutionary relationships. In this regard, the small ribosomal subunit (SSU) rRNA gene has long been considered the "gold standard" in interpreting evolutionary relationships, and the 16S rRNA gene has consequently been embraced in cyanobacterial classification systems (woEsE et al. 1990; wilmottE & HErdman 2001; Hoffman et al. 2005) .
A recognized limitation in using the 16S rRNA genes has been that ribosomal genes often occur in multiple copies in microbial genomes and, importantly, that paralogous gene copies can vary in sequence between the different operons (acinas et al. 2004; casE et al. 2007 ).
Recent studies have detected intra-genomic gene heterogeneity of the 16S rRNA gene in cyanobacteria of the genus Lyngbya (EngEnE et al. 2010) . In this cyanobacterial genus the genetic variation between the paralogous 16S rRNA gene copies was of equivalent magnitude to sequence variation between different morphological species. This degree of intra-genomic gene heterogeneity challenges the ability of this gene to reliably distinguish between different species, let alone between different sub-species. However, the frequency and amount of general intra-genomic gene heterogeneity in cyanobacteria is, to date, unclear. In silico investigations of sequenced bacterial genomes have been conducted, but these studies included a limited number of cyanobacterial genomes (coEnyE & VandammE 2003; acinas et al. 2004; casE et al. 2007 ). This study was aimed at assessing general heterogeneity in cyanobacterial 16S rRNA genes through a bioinformatic screening of sequenced cyanobacterial genomes. Moreover, the implication of potential heterogeneity on finescale phylogenetic resolution was considered.
Materials and Methods
Cyanobacterial genomes were obtained from the National Center for Biotechnology information (NCBI) Microbial Genome Database web pages (http://www.ncbi.nlm.nih.gov/genomes/MICROBES/ microbial_taxtree.html). The BLASTn 2.2.18 alignment algorithm available at the NCBI web page was used to screen and obtain gene sequences as well as to determine percent sequence divergence among them. Multiple sequence alignments were performed using the ClustalW algorithm (tHomPson et al. 1994) . Secondary RNA structures were predicted by the CLC Combined Workbench 3.5.2 (CLC bio, Cambridge, MA, USA). Mutation types and domains of the 16S rRNA genes were determined by superimposing their secondary structures on the SSU model for Escherichia coli strain J01695 (cannonE et al. 2002) . A total of twelve house-keeping genes (DNA-G, FRR, rpsB, NusA, PGK, PyrG, rpoB, rpsC, rpl2, rpl3, rpl4, and TSF) were downloaded and concatenated for phylogenetic inference of the cyanobacterial strains. All gene sequences were aligned using the L-INS-I algorithm in MAFFT 6.717 and manually refined. Appropriate nucleotide substitution model (WAG+I+G) was selected using Akaike information criterion (AIC/ AIC C ) and Bayesian information criterion (BIC) in jModeltest. The Maximum likelihood (ML) inference was performed using RaxML. The analysis was run using the WAG+I+G model (selected by AIC and BIC criteria) assuming a heterogeneous substitution rates and gamma substitution of variable sites (proportion of invariable sites (pINV) = 0.265, shape parameter (α) = 0868, number of rate categories = 4). Bootstrap resampling was performed on 500 replicates.
Results and Discussion

Redundancy of ribosomal genes
To gain insight into the redundancy of cyanobacterial ribosomal genes, all 59 publicly accessible cyanobacterial genomes were assessed for the number of ribosomal genes (rrs) and their clustering into ribosomal operons (rrn) ( Table 1 ). In the vast majority (>97%) of the cyanobacterial rrn's, the ribosomal genes were organized in the typical bacterial 16S-23S-5S gene configuration. The number of rrn's varied between one to four copies with an average of 1.8 ± 0.8 copies per genome. This is relatively low compared with the 4.2 rrn's present in an average bacterial genome (casE et al. 2007) . A plausible explanation for the average low copy number of ribosomal operons in cyanobacterial genomes was the fact that 45 out of the 59 sequenced genomes belonged to the unicellular order Chroococcales and among the genomes that possessed one rrn per genome, more than 77% belonged to these unicellular forms (Fig. 1) . Unicellular cyanobacteria are mainly pelagic, and similar trends of smaller rrn copy numbers are also observed in the pelagic filamentous Arthrospira maxima CS-328, Arthrospira sp. PCC 8005 and Arthrospira platensis Paraca, which live predominately in the open ocean environment. The open ocean represents a relatively constant habitat that allows organisms to specialize in their environment. Specialized organisms normally have less need for rapid adjustments and consequently possess a lower number of rrn copies compared with more generalized organisms (klaPPEnbacH et al. 2000) . Moreover, Chroococcales have relatively small size genomes (mean: 3.2 ± 1.5 Mbp), ranging from 1.6 Mbp in Prochlorococcus marinus MIT 9301 to Acaryochloris marina MBIC11017 with an abnormally large genome size of 6.5 Mbp. Thus, their lower rrn copy numbers may be a consequence of the smaller genome sizes of these unicellular cyanobacteria.
In filamentous cyanobacteria, the genomes increase in size and were found to typically contain multiple rrn copies. For example, the average genome size for filamentous forms of cyanobacteria was 6.1 ± 1.6 Mbp and contained an average of 2.4 ± 1.3 rrn's. The order Oscillatoriales (n = 7 strains) has an average genome size of 6.8 ± 1.2 Mbp and contained an average of 1.7 ± 1.2 rrn's, while the heterocystous order Nostocales (n = 7 strains) has an average genome size of 5.5 ± 1.7 Mbp and contained an average of 3.0 ± 1.2 rrn's. Smaller genomes with few ribosomal operons may, therefore, be a consequence of specialized organisms living in a uniform environment.
16S rRNA gene heterogeneity
In total, 62.7% of all cyanobacterial genomes and 64.3% of filamentous forms contained more than one ribosomal operon (Table 1) . Among these 37 cyanobacterial genomes with multiple rrn's, more than one third (35.1%) of the genomes displayed sequence divergence between at least two of their 16S rRNA gene copies. As these assessments are based on bioinformatic analyses of sequenced genomes, it is important to note that assembly programs typically assemble closely related (<6%) sequence reads together and form consensus sequences. The formation of consensus sequences has been found to overlook sequence variations between paralogous 16S rRNA gene copies, as observed in the unpublished genome assembly of Lyngbya majuscula 3L, and thus, genome sequences likely underestimate their microheterogeneity (E. monroE, personal communication).
The intra-genomic sequence divergence between the 16S rRNA genes of different rrn's ranged from 0% to 0.6% with an average divergence of 0.2% in all cyanobacteria. This value is relatively low compared with other gram-negative bacteria (casE et al. 2007; rastogi et al. 2009 ). The intra-genomic gene sequence divergence in filamentous cyanobacteria was slightly higher with 0.3% divergence, which could correlate to variety between the higher numbers of copies. However, there also appears to be a trend between genomes with higher gene sequence divergence and secondary metabolite diversity. For example, the microcystinproducing Microcystis aeruginosa NIES-843 and the hepatotoxic Nodularia spumigena CCY 9414 both have relatively high rates of divergence between their 16S rRNA genes (0.3% and 0.5% sequence divergence, respectively). A potential reason for this large divergence may be that the genomes of such cyanobacteria undergo higher rates of recombination, which ultimately results in a richer diversity of secondary metabolites as well as a higher rate of intra-genomic gene heterogeneity in house-keeping genes.
Mutation types in intra-genomic 16S rRNA gene variations
The mutation types and locations between paralogous 16S rRNA genes were examined by superimposing the sequenced genes on established secondary structure models. This was undertaken to examine the likelihood that the nucleotide substitutions in sequenced genomes were true mutations and not artifacts of genome sequencing. Summarizing the 41 mutations responsible for intra-genomic 16S rRNA gene heterogeneity in sequenced cyanobacterial genomes, 61% were nucleotide substitutions, 37% were nucleotide deletions and only 2% were nucleotide insertions. Among the 24 nucleotide substitutions, 79% were transitional mutations and 21% were transversional mutations (Table 1) . Transitional mutations are usually point-mutations which result from errors caused by DNA-polymerases during replication and are estimated to constitute approximately two thirds of all nucleotide substitutions (collins & jukEs 1994).
The majority of the nucleotide substitutions were located in the ribosomal loop-regions, either in hairpin-loops (44%) or in interior-loops (31%) of the gene helices. The mutations occuring in stem-regions (25%) were typically limited to cytosine to thymine substitutions and only occurred if the nucleotide on the complementary DNA strand was a guanine. The resulting uracil and guanine base pairing is energetically allowed, even though it is slightly more constraining than the cytosine and guanine Watson-Crick base-pairing (gautHErEt et al. 1995) . Thus, the observed nucleotide substitutions in these genomic 16S rRNA genes were typically the result of thermodynamically allowed gene mutations. The secondary structures of ribosomal genes are essential for ribosome assemblage and ribosomal protein interactions (Van dE PEEr et al. 1996) . Therefore, the conserved secondary structures observed in these cyanobacterial 16S rRNA gene sequences are unlikely to affect ribosomal function, and are thus tolerated without strong selection pressure. On the basis of the types of mutations and their locations, we predict that all or a large proportion of the observed nucleotide variations are true mutations rather than artifacts from genome sequencing.
Conclusions
Cyanobacteria, like most bacteria, frequently have multiple copies of their ribosomal operons, and these appear to be reasonably correlated with genome size of the organism. Among cyanobacteria with multiple ribosomal gene copies, variations between gene copies are relatively frequent and may be underestimated due to limitations of genome assembly programs. Despite the relatively frequent occurrence of intra-genomic 16S rRNA gene heterogeneity, the extent of sequence divergence is typically quite small (mean = 0.2%) and generally much less than in other groups of bacteria (casE et al. 2007 ). Furthermore, the average cyanobacterial intra-genomic 16S rRNA gene heterogeneity (mean = 0.2%) is of an order less than the 3% gene sequence divergence typically used to delineate microbial species (tindall et al. 2010) . It is, however, important to note that much higher degrees of intra-genomic gene heterogeneity (>1%) have been reported in filamentous marine cyanobacteria (EngEnE et al. 2010) . Moreover, single nucleotide substitutions can, in principal, have large impacts on the Fig. 1 . Phylogenetic relationships of the 59 cyanobacterial strains with sequenced genomes. The number of paralogous 16S rRNA gene copies within each genome is displayed in the following colors: (green) 1 copy; (brown) 2 copies; (blue) 3 copies; (red) 4 copies. The phylogenetic inference was performed by concatenation of twelve house-keeping genes using RaxML. The scale bar is equivalent to 0.1 expected substitutions per nucleotide position.
interpretations of DNA fingerprinting methods if these mutations are located in restriction sites (roudièrE et al. 2007 ). Intra-genomic gene heterogeneity should, therefore, not be neglected when inferring phylogenetic relationships of cyanobacteria, especially on an infra-species level. However, we argue that the general degree of microheterogeneity in paralogous 16S rRNA gene copies of cyanobacteria is relatively small and, thus, has only minor impact on the inference of phylogenetic relationships and evolutionary histories.
